Tumor suppressors known to date impede cancer growth by arresting the cell cycle or promoting apoptosis. Here we show that unphosphorylated human STAT5A functions as a tumor suppressor capable of repressing multiple oncogenes via heterochromatin formation. Unphosphorylated STAT5A binds to heterochromatin protein 1α (HP1α) and stabilizes heterochromatin. Expressing unphosphorylated STAT5A or HP1α inhibits colon cancer growth in mouse xenograft models. Transcriptome profiling shows that expressing an unphosphorylatable STAT5A has similar effects to overexpressing HP1α in global gene expression. Notably, the majority of the genes commonly repressed by unphosphorylated STAT5A and HP1α have been implicated in cancer development. Finally, down-regulation, somatic mutations, and deletions of STAT5 genes are found in certain human cancers. These results suggest that unphosphorylated STAT5A may epigenetically suppress tumor growth by promoting heterochromatin formation.
Tumor suppressors known to date impede cancer growth by arresting the cell cycle or promoting apoptosis. Here we show that unphosphorylated human STAT5A functions as a tumor suppressor capable of repressing multiple oncogenes via heterochromatin formation. Unphosphorylated STAT5A binds to heterochromatin protein 1α (HP1α) and stabilizes heterochromatin. Expressing unphosphorylated STAT5A or HP1α inhibits colon cancer growth in mouse xenograft models. Transcriptome profiling shows that expressing an unphosphorylatable STAT5A has similar effects to overexpressing HP1α in global gene expression. Notably, the majority of the genes commonly repressed by unphosphorylated STAT5A and HP1α have been implicated in cancer development. Finally, down-regulation, somatic mutations, and deletions of STAT5 genes are found in certain human cancers. These results suggest that unphosphorylated STAT5A may epigenetically suppress tumor growth by promoting heterochromatin formation.
JAK/STAT | Drosophila | fluorescence recovery after photobleaching (FRAP) | transcription H eterochromatin plays a role in chromosomal compaction and transcriptional silencing and is emerging as a mechanism of tumor suppression. Certain tumor suppressors, such as breast cancer type 1 susceptibility protein (BRCA1) and the retinoblastoma protein (RB), have been shown to promote heterochromatin formation at specific loci or maintain the stability of constitutive heterochromatin (1) (2) (3) (4) . On the other hand, oncogenic JAK disrupts heterochromatin formation in both Drosophila and human cells (5, 6) . In addition, a reduction in the levels of heterochromatin protein 1 (HP1), the major component and a determinant of heterochromatin (7) , is associated with human cancer progression, including colon and breast cancers and leukemia (8) . The target genes normally repressed by heterochromatin, however, have not been systematically investigated.
Previous studies using a Drosophila leukemia model have demonstrated a noncanonical mode of JAK/STAT signaling, in which the unphosphorylated form of STAT is localized in heterochromatin in association with HP1; STAT activation (by phosphorylation) causes its dispersal from heterochromatin, leading to HP1 delocalization and heterochromatin loss (9) (10) (11) . Moreover, unphosphorylated STAT and heterochromatin are essential for maintaining genomic stability and counteracting aging in Drosophila (12, 13) . To investigate whether unphosphorylated STAT in mammals also promotes heterochromatin formation, and whether this constitutes a mechanism of tumor suppression, we examined the interaction between human STAT5A and HP1α (also known as "chromobox protein homolog 5," or CBX5) in human cells, tested their effects on tumorigenesis in mouse xenograft models, and examined their effects on global gene transcription by means of expression profiling.
Results

STAT5A and HP1α
Physically Interact. To test whether human STAT5A physically interacts with human HP1α, we used a series of plasmids to express HP1α-Flag and wild-type or mutant GFP-tagged STAT5A (Fig. 1A ) in human embryonic kidney 293 (HEK293T) cells, and performed coimmunoprecipitation (co-IP) experiments. STAT5A contains an HP1-binding motif, PxVxI, which is conserved in Drosophila STAT92E (9) (Fig. S1 ) and is important for binding to HP1 (9, 14) . We found that wild-type STAT5A-GFP, but not STAT5A V467A -GFP, which contains a V to A mutation in its HP1-binding motif (Fig. 1A) , was coimmunoprecipitated with HP1α-Flag (Fig. 1B) . This result suggests that STAT5A might interact directly with HP1α, because their co-IP depended on an intact HP1 binding motif in STAT5A.
Because HP1 is almost exclusively localized in the nucleus (7), whereas STAT proteins shuttle between nuclear and cytoplasmic compartments (15), we tested the importance of STAT5A nuclear translocation for its interaction with HP1α, using a series of truncated STAT5A-GFP variants (Δ1-Δ4) (15) (Fig. 1A) for co-IP experiments. We found that the STAT5A-GFP variants that were missing the 145-150 nuclear localization sequence (Δ1 and Δ4) or the C terminus (Δ2) did not coimmunoprecipitate with HP1α-Flag (Fig. 1C, lanes 4 , 5, and 7), whereas the full-length and Δ3 versions of STAT5A-GFP, which retained both the HP1-binding and nuclear localization motifs, were coimmunoprecipitated with HP1α-Flag (Fig. 1C, lanes 3 and 6) . These data suggest that both an intact HP1-binding motif and nuclear localization of STAT5A are required for its interaction with HP1α.
To understand which regions of HP1α are important for interacting with STAT5A, we carried out co-IP experiments using wild-type STAT5A-GFP and different HP1α-Flag variants with substitutions of amino acid residues V21, I165, or W174, which are important for H3K9me binding, HP1α dimerization, and interaction with the PxVxL motif, respectively (14) . We found that the interaction of STAT5A-GFP with wild-type HP1α-Flag was much stronger than with any of the three HP1α mutants (Fig. S2A ). This result suggests that STAT5A might have a higher affinity for HP1α when it is a chromatin-bound dimer. Taken together, these results suggest that STAT5A, via its PVVVI motif, may physically associate with HP1α.
Unphosphorylated STAT5A Colocalizes with HP1α in the Nucleus. For further confirmation that STAT5A and HP1α physically associate, we examined the subcellular localization of the STAT5A and HP1α proteins by immunostaining of HeLa cells cotransfected with STAT5A-GFP and HP1α-Flag. We found that STAT5A-GFP is predominantly localized in the nucleus, consistent with a previous report (15) (Fig. 1D, Top) . HP1α-Flag, however, was exclusively detected in the nucleus (Fig. 1D , Middle), also consistent with previous reports (7) . Strikingly, we found that most of the nuclear portion of STAT5A-GFP was colocalized with HP1α-Flag (Fig. 1D, Bottom) . Colocalization of endogenous STAT5A and HP1α were also found in untransfected HeLa cells (Fig. S2B) .
To investigate whether colocalization of STAT5A and HP1α depends on their physical interaction, we examined the subcellular localization of the mutant STAT5A V467A , which does not This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: willisli@ucsd.edu.
coimmunoprecipitate with HP1α (Fig. 1B) . We found that, compared with the wild-type STAT5A-RFP, which colocalized with HP1α-GFP (Fig. 1E , Top), STAT5A
V467A
-RFP was evenly distributed in the cytoplasmic and nuclear compartments and was not obviously colocalized with HP1α-GFP (Fig. 1E, Middle) . These results confirm the importance of the PVVVI motif in the colocalization of STAT5A and HP1α and, additionally, suggest that association with HP1α is important in the localization of STAT5A to heterochromatic regions.
To investigate whether the STAT5A that was colocalized with HP1α was phosphorylated (active) or unphosphorylated (transcriptionally inactive), we generated stable HeLa cell lines expressing HP1α-GFP and the unphosphorylatable mutant STAT5A Y694F -RFP. We found that, strikingly, STAT5A Y694F -RFP was almost exclusively localized to the nucleus and strongly colocalized with HP1α-GFP (Fig. 1E, Bottom) . These results are consistent with previous reports of nuclear localization of unphosphorylatable STAT mutants (15) and their association with HP1 and heterochromatin (9) and suggest that, similarly to its Drosophila counterpart, unphosphorylated human STAT5A has a propensity for physically associating with HP1α in the nucleus.
Unphosphorylated STAT5A Promotes Heterochromatin Formation and
Stabilizing Heterochromatic HP1α. We next investigated the biological significance of the physical association of unphosphorylated STAT5A with HP1α. We first examined heterochromatin levels by observing the number of HP1 or heterochromatic foci in the nucleus of HeLa cells stably expressing STAT5A variants and HP1α-GFP ( Fig. 2A) . Compared with the vector control, HeLa cells expressing wild-type STAT5A exhibited an Y694F -RFP, or STAT5A V467A -RFP (red) were generated by lentiviral infection. HP1α-GFP (green) was transfected into these stable cell lines and the cells were imaged using confocal microscopy. Representative images of each stable cell line are shown. Note that strong colocalization of HP1α-GFP with STAT5A
Y694F -RFP and with STAT5A WT -RFP, but not with STAT5A V467A -RFP, was detected.
increase in the number of HP1α-GFP-positive heterochromatic foci ( Fig. 2A and Fig. S3 ). An even larger increase in the number of HP1α-GFP foci was observed in cells expressing the unphosphorylatable STAT5A Y694F mutant ( Fig. 2A and Fig. S3 ). However, expressing either the STAT5A V467A mutant or the STAT5A V467A,Y694F double mutant, which does not associate with HP1α (Fig. 1B) , did not result in significant changes in the number of heterochromatic foci compared with the vector control ( Fig. 2 A and B and Fig. S3 ). We obtained similar results upon staining of the same series of stable cell lines with the DNA dye DAPI, another measure of heterochromatin ( Fig. 2B and Fig. S3 ). These data are consistent with the idea that unphosphorylated STAT5A promotes heterochromatin formation by binding to HP1α.
Next, we examined the effect of unphosphorylated STAT5A on heterochromatin formation at the promoter level. Using HeLa cells and chromatin immunoprecipitation (ChIP) assays, we analyzed how unphosphorylated STAT5A affects heterochromatin formation in the promoter region of the well-characterized human insulin-like growth factor 2 (IGF2) gene. In cultured human cells, IGF2 expression is governed mainly by promoter 3 (P3) (16) . HeLa cells stably overexpressing HP1α, STAT5A
Y694F , or the vector control were subjected to ChIP assays using antibodies against the heterochromatin marker H3K9me3. HP1α overexpression resulted in a ninefold enrichment of H3K9me3 in the DNA sequences around the two C-G dinucleotide (CpG) islands located upstream of the IGF2 P3 promoter (Fig. 2C) . Overexpression of unphosphorylated STAT5A
Y694F also resulted in significant enrichment of H3K9me3 in the same regions ( Fig. 2C ), albeit at lower levels than HP1α overexpression. These results support the idea that unphosphorylated STAT5A promotes heterochromatin formation.
To gain insight into how unphosphorylated STAT5A affects heterochromatin dynamics, we turned to fluorescence recovery after photobleaching (FRAP) (17, 18) (Fig. S4 A and B) to quantitatively determine heterochromatin stability by measuring the diffusion kinetics of HP1α-GFP molecules localized in heterochromatin. In control cells, fluorescence recovery in heterochromatic regions was rapid and reached 50% of the prebleach intensity in 3.4 s (Fig. 2D) , consistent with previous reports (17, 18) . The immobile fraction, defined as the portion of fluorescence that was not recovered after photobleaching, and which reflects the portion of HP1α-GFP stably associated with heterochromatin, comprised about 20% of total HP1α-GFP (Fig. 2D) .
Expressing STAT5A WT resulted in a 20% slower recovery of HP1α-GFP flourescence in photobleached heterochromatin, whereas expressing the unphosphorylatable mutant STAT5A Y694F slowed recovery even more, with the 50% recovery time slowed by ∼30% (Fig. 2 D and E) . A slower fluorescence recovery rate indicates reduced mobility of HP1α-GFP, or an increase in the stability of its localization in heterochromatin. Expressing the STAT5A V467A mutant did not significantly affect recovery time after photobleaching (Fig. 2E and Fig. S4C ), consistent with the finding that STAT5A
V467A does not interact with HP1α (Fig. 1) . The STAT5A V467A mutation, however, moderately suppressed the effects of STAT5A Y694F on HP1α-GFP mobility, such that the double mutant STAT5A V467A,Y694F was not as effective as STAT5A Y694F in slowing down the recovery of HP1α-GFP fluorescence (Fig. 2E) , consistent with the fluorescent microscopic studies (Fig. 1) . Corresponding effects were found for the immobile fraction (Fig. 2F) . These results suggest that unphosphorylated STAT5A inhibits HP1α mobility, thereby stabilizing its localization in heterochromatin.
In HeLa cells stably expressing shRNA targeting STAT5A, HP1α-GFP fluorescence in heterochromatin was much reduced, and FRAP analysis indicated an overall increase in mobility of HP1α-GFP compared with its mobility in control cells receiving a scrambled shRNA (Fig. 2E and Fig. S4C ). Moreover, shRNA knockdown of STAT5A decreased the immobile fraction, indicating that less HP1α-GFP was stably associated with heterochromatin ( Fig. 2F and  Fig. S4C ).
Taken together, the observed dependence of HP1α-GFP mobility on STAT5A levels, as shown in the FRAP experiments, substantiates a fundamental role for STAT5A in stabilizing HP1α localization in heterochromatin and supports the idea that . We then assessed the ability of these cells to grow tumors after s.c. injection into immunodeficient (nude) mice (Fig. 3A) . Using these xenograft models, we found that overexpression of HP1α or STA-T5A Y694F significantly reduced the ability of YAMC mp53/Ras cells to grow tumors, whereas overexpressing STAT5A
WT partially reduced tumor growth ( Fig. 3B and Fig. S5 ). The effects of STAT5A molecules on tumor growth closely correlate with their effects on heterochromatin levels. Expressing STAT5A V467A had only a small effect on tumor growth (Fig. 3B and Fig. S5 ), consistent with its inability to bind to HP1α and its minimal effects on heterochromatin levels ( Figs. 1 and 2 ). When the V467A mutation was combined with the Y694F mutation in the double mutant STAT5A V467A,Y694F , however, the V467A mutation neutralized the effects of the Y694F mutation on tumor growth; that is to say, the effect of the double mutant STAT5A V467A,Y694F on tumor growth resembled that of STAT5A V467A more than that of STAT5A Y694F ( Fig. 3B and Fig. S5 ). Similar results were found using human colon cancer DLD-1 cells (Fig. 3C and Fig.  S5 ). These results are consistent with the idea that binding to HP1 and stabilizing heterochromatin are essential for the tumor suppressive effect of unphosphorylated STAT5A.
Interestingly, the in vitro proliferation rates of YAMC genes ( Fig. S6) , suggesting that these transgenes did not cause changes in cell proliferation or survival in vitro. Thus, greater selective pressure may be exerted by the environment in vivo than in vitro, perhaps due to a limited availability of nutrients in vivo than in culture media. Measurements of mRNA levels indicated that expression levels of the different transgenes were similar in tumor cells before injection and at harvest (Fig. S6) , suggesting that the difference in tumor size was not due to differences in transgene expression. To test whether HP1α mediates the tumor suppressive function of unphosphorylated STAT5A, we used shRNA to reduce the levels of HP1α in DLD-1 cells that stably express STAT5A Y694F . Analysis of tumor growth in the s.c. xenograft model revealed that expressing STAT5A Y694F no longer suppressed tumor growth when HP1α expression was knocked down (Fig. 3D and Fig. S5D ). Taken together, these data are consistent with the idea that unphosphorylatable STAT5A suppresses colon cancer development via binding to HP1α and promoting heterochromatin formation. , HP1α, shRNA-STAT5A, shRNA-HP1α, or control constructs (empty vector or shRNA-GFP). We found that overexpressing STAT5A Y694F or HP1α, or knocking down endogenous STAT5A or HP1α, caused only a small percentage of genes (<1%) to change their expression levels by more than twofold, whereas expression levels of the vast majority of genes (>95%) remained unchanged (within a ±1.5 fold range) (Fig. 4A and Table S1 ). When STAT5A Y694F was overexpressed, for instance, 153 genes were down-regulated by at least twofold and 9 genes up-regulated by at least twofold, constituting 0.3% and 0.02% of the 47,324 transcripts on the Illumina Human gene chip, respectively (Fig. 4A and Table S1 ).
To identify genes that were regulated in common by expression of the different transgenes, we analyzed those genes whose expression levels were either altered by at least twofold, relative to control as a result of transgene expression (method 1; Fig. 4 A  and B) , or whose expression levels differed by at least threefold when cells expressing different transgenes were compared (method 2; Fig. 4C ). The two methods yielded qualitatively similar results, with method 1 identifying different numbers of genes for each cell type (Fig. 4A) and method 2 selecting a total of 220 genes for all cell types (Fig. 4C) . Strikingly, the set of genes whose expression levels changed by at least twofold as a result of STAT5A Y694F expression overlapped, to a large extent, with the corresponding set resulting from HP1α expression (Fig. 4B) . Concordant changes were also seen in genes whose expression differed by threefold or more across different cell types, as analyzed by the second method (Fig. 4C) . These results suggest that STAT5A Y694F and HP1α regulate genes in common, and that knockdown of STAT5A had similar effects on global gene transcription to knockdown of HP1α.
In contrast, when comparing knockdown of endogenous STAT5A with expression of the STAT5A Y694F transgene, the sets of genes whose expression levels changed by at least twofold did not, for the most part, overlap (Fig. 4 B and C) . In cases where the same gene was found in both sets, the changes in transcript levels were in opposite directions (Fig. 4C, columns 3 and 4) . These data demonstrate that expression of STAT5A Y694F and knocking down of endogenous STAT5A had opposite effects on transcription, ruling out the possibility that STAT5A Y694F interferes with the transcriptional activity of endogenous STAT5A.
We next analyzed the genes regulated by STAT5A and HP1α in common. Strikingly, we found that 70% (86/123) of the genes commonly down-regulated by STAT5A and HP1α have been previously shown to be overexpressed in or are drivers of human cancer development (Table S2 ). About half of these genes (41/86) have been implicated in colorectal cancers (Fig. S7A and Table  S2 ), including lymphoid enhancer-binding factor 1 (LEF1), a prognostic biomarker for colorectal liver metastases (21) . This group includes additional known oncogenes or drivers of cancer development, such as C-X-C motif chemokine 5 (CXCL5) (22) , forkhead box Q1 (FOXQ1) (23), matrix metallopeptidase 7 (MMP7) (24) , transforming growth factor beta-1 (TGFB1) (25) , and tyrosine-protein kinase KIT (26) . This group also includes the imprinted gene H19, which is normally repressed by heterochromatin formation and DNA methylation, and whose derepression has been implicated in cancer development, including colorectal cancers (27) . In contrast, expression of genes involved in cell cycle progress or apoptosis was not significantly changed in these cells (Fig. S7 A and B) , suggesting that STAT5A and HP1α inhibit tumor growth by repressing cancer-promoting genes and not by affecting cell cycle or apoptotic genes.
Loss of STAT5 and HP1α in Human Cancers. To understand the magnitude of STAT5A and HP1α alterations in human cancers, we used the cBio Cancer Genomics Portal (28) to interrogate cancer genomic data for alterations of STAT5 and HP1α in large numbers of tumor samples from cancer studies. Because STAT5A and STAT5B are highly similar in sequence and are closely linked in the human genome, we analyzed both STAT5A and STAT5B for possible coregulation. We thus searched in the tumor samples for information on three genes, STAT5A, STAT5B, and HP1α (also known as CBX5), with regard to mutations, putative copynumber alterations, and changes in mRNA expression levels.
We searched cancer databases in the cBio Cancer Genomics Portal (http://cbioportal.org) and found that in a collection of 216 prostate cancer samples generated by Memorial SloanKettering Cancer Center, nearly 40% had one or all of the three genes down-regulated (Fig. S7C) , suggesting that down-regulation of STAT5 and/or HP1α might contribute to prostate cancer initiation or progression. Patient disease-free survival data indicate that patients with altered expression of STAT5A, STAT5B, or HP1α had worse prognosis (Fig. S7D) . In a collection of 563 serous ovarian cancer samples from The Cancer Genome Atlas, cBio Cancer Genomics Portal (http://cbioportal.org), about 18% had altered expression of STAT5A, STAT5B, or HP1α, with four cases of putative homozygous deletions of both STAT5 genes and four cases of somatic mutations (Fig. S7C) . These data are consistent with the notion that STAT5 and HP1α are tumor suppressors, whose loss contributes to cancer development.
Discussion
We have investigated the functional significance of the interaction between human STAT5A and HP1α in human cells, mouse models, and patient tumor samples. Our biochemical studies have recapitulated the studies done previously in Drosophila (5, 9, 12) and demonstrated that unphosphorylated human STAT5A physically interacts and colocalizes with HP1α (Fig. 1) . Using FRAP analysis of HeLa cells, we have demonstrated that unphosphorylated STAT5A plays an important role in HP1α dynamics, stabilizing its localization in heterochromatin and promoting heterochromatin formation (Fig. 2) . Moreover, we have shown that unphosphorylated STAT5A inhibits the growth of murine and human colon cancer cells when transplanted into immunodeficient mice (Fig. 3) . Our gene expression profiling studies have indicated that unphosphorylated STAT5A and HP1α share common targets for transcriptional regulation, many of which have been implicated in cancer development (Fig. 4 , Table S2 , and Fig. S7) . Finally, bioinformatics studies of human cancer samples indicate that STAT5 and HP1α are down-regulated in certain types of cancers (Fig. S7) . Based on these studies, we propose that unphosphorylated STAT5A stabilizes heterochromatin and suppresses tumor growth. These effects are likely to be epigenetic, mediated by the physical interaction of STAT5A and HP1α.
As a transcription factor, activated or phosphorylated STAT has been implicated in many cancers (29) . On the other hand, dephosphorylation of STAT has been shown to have a tumor suppressive effect, which has previously been attributed to lack of STAT transcriptional activity or to a dominant-negative effect on STAT transcription (29) . In this study, we have provided substantial evidence that unphosphorylated STAT5A suppresses the development of colon cancer via epigenetic gene regulation, mediated through the physical interaction of STAT5A and HP1α. Two key results support this conclusion. One is the finding that many of the effects of unphosphorylated STAT5A were mitigated by knockdown of HP1α (Fig. 3E) . The other is the finding that expression of an unphosphorylatable mutant STAT5A affected a set of genes that largely overlapped with those affected by HP1α expression, but not with those affected by knockdown of endogenous STAT5A (Fig. 4) . This is consistent with our previous results in Drosophila showing that expressing a nonphosphorylatable STAT mutant has an effect opposite to that of STAT knockdown with regard to the sensitivity of tissues to low-dose irradiation (12) . Additional evidence supporting the idea that unphosphorylated STAT5A is involved in epigenetic regulation has come from the finding that unphosphorylated STAT5A enhances heterochromatinization of the imprinted IGF2 allele in HeLa cells. Loss of IGF2 and H19 imprinting has been reported to be a biomarker for increased risk of colorectal cancer (27) .
Moreover, our studies suggest that not only the exogenous STAT5A Y694F , but also endogenous STAT5A, likely in its unphosphorylated state, functions to promote heterochromatin formation and suppress tumor growth. Knockdown of endogenous STAT5A had the opposite effect on genes regulated by HP1α expression (Fig.  4C, columns 2 and 4) , consistent with the idea that endogenous STAT5A and HP1α control many target genes in common. In addition, the observation that expression of STAT5A
WT , which remains unphosphorylated in the absence of activating signals, affects tumor growth in a way similar to STAT5A Y694F or HP1α (Fig. 3) , is consistent with a role for endogenous, unphosphorylated STAT5A in suppression of tumor growth. Previous reports have shown that STAT5A functions as a tumor suppressor in T-cell lymphomas (30) and that STAT5 deficiency causes cancer development in mice (31) . These data may be informed by our finding that STAT5A plays a role in heterochromatin formation.
Interestingly, it has been reported that unphosphorylated STAT1 and STAT3 regulate expression of target genes that are distinct from those controlled by their canonical pathways (32) . It remains to be determined whether unphosphorylated STAT1 and STAT3 also share transcriptional targets with HP1α and whether they promote heterochromatin formation. In any case, our results support the idea that unphosphorylated STAT5A promotes heterochromatin formation in general.
Strikingly, we found that the majority of the common target genes repressed by unphosphorylated STAT5A and HP1α are known to be overexpressed in various human cancers, some of which are "drivers" of cancer development (Fig. S7A and Table S2 ). In contrast, genes involved in cell cycle progression or apoptosis were not significantly changed when levels of STAT5A and HP1α were altered in DLD-1 cells (Fig. S7 A and B) , suggesting that STAT5A and HP1α as tumor suppressors are distinct from other known tumor suppressors, such as p53 and Rb, whose major functions include inhibiting cell cycle progression and/or promoting cell death. Thus, unphosphorylated STAT5A and HP1α may represent a unique class of tumor suppressors that are capable of, in addition to protecting genome stability (12) , suppressing transcription of multiple cancer-promoting genes. This finding should lead to unique therapeutic options for treating human cancers.
Materials and Methods
Cell Culture, Transfection, and Plasmid DNA. YAMC cells expressing both p53 175H and HRas V12 (referred to as mp53/Ras) were cultured as previously described (19, 20) . HeLa cells, HEK-293T cells, and DLD-1 human colon cancer cells were maintained at 37°C and with 5% (vol/vol) CO 2 in water-jacketed, humidified incubators. Genetically perturbed cells were derived by means of lentiviral infection with virus containing the appropriate cDNA or shRNA expression constructs. Plasmid DNA and additional details are described in SI Materials and Methods.
Immunostaining, Immunoprecipitation, and Western Blotting. Protocols and antibodies used for immunofluorescence and Western blotting and primers used for ChIP are described in SI Materials and Methods.
FRAP. See SI Materials and Methods and Fig. S5 
